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METHOD AND APPARATUS FOR 

PREVENTION OF ATRIAL TACHYARRHYTHMIAS 



Background of the Invention 

The present invention relates generally to the field of implantable stimulators 
and more particularly to cardiac pacemakers and implantable an ti -arrhythmia devices. 

It has been proposed to reduce the incidence of tachyarrhythmias in the 
ventricle by using multiple site pacing. For example, in U.S. Patent No. 3,937,226, 
issued to Funke, multiple electrodes are provided for location around the ventricles. In 
response to a sensed depolarization following a refractory period, at any of the 
electrodes, all electrodes are paced. AH electrodes are similarly paced in the absence 
of sensed depolarizations for a period of 1000 ms. U.S. Patent No. 4,088,1 40 issued to 
Rockland et al discloses a similar device, in which a pacing pulse is delivered only to 
a single electrode in response to a failure to sense during a 1000 ms period, and 
delivery of pacing pulses to multiple electrodes is triggered in response to sensed 
depolarizations occurring between 150 and 500 ms following delivery of a previous 
sensed depolarization or pacing pulse. 'U.S. Patent No. 4,354,497, issued to Kahn 
adds sensing electrodes adjacent the septum of the heart and delivers pacing pulses to 
multiple electrodes spaced around the ventricles in response to sensed depolarizations 
at the ventricular electrodes which are not preceded by depolarizations sensed at the 
septum electrodes. Multi-site pacing in the ventricles has also been proposed to 
improve hemodynamic function, as in U.S. Patent No. 4,928,688, issued to Mower. 
The Funke, Kahn, Rockland and Mower patents are all hereby incorporated herein by 
reference in their entireties. 
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Multi-site atrial pacing has also been proposed as a mechanism for reducing 
the incidence of atrial tachyarrhythmias. For example, multi-site pacing for 
arrhythmia prevention is discussed in U.S. patent No. 5,584,867, issued to Limousin 
et at, U.S. Patent No. 5,683,429 issued to Mehra and U.S. patent No. 5,403,356, 
issued to Hill et al. and in the article "Prevention of Atrial Tachyarrhythmias Related 
to Advanced lnter-atrial Block by Permanent Atrial Resynchronization", by Mabo, et 
al, published in Pace^Vol. 14, Apr. 1991, Part H, p 648. The Limousin, Mehra and 
Hill et al. patents are hereby incorporated herein by reference in their entireties. 

Pacing methodologies employing only a single pacing site have also been 
proposed for prevention of tachyarrhythmias. For example, U.S. Patent No. 4,941,471 
issued to Mehra discloses a single site rate stabilization pacing method for use in the 
ventricles. An improvement to this pacing methodology is disclosed in U.S. Patent 
No. 5,545,185 issued to Denker et al, and further improvements are disclosed in U.S. 
Patent No. 5,814,085 issued to Hill, and U.S. Patent Application Serial No. 
08/764,568, filed on December 16, 1996 by Peterson et al. An additional atrial 
overdrive arrhythmia prevention pacing mode which is disclosed in U.S. Patent No. 
5,713,929, issued to Hess et al. The Mehra, Hill, Hess et al. and Denker patents, as 
well as the Peterson et al. application are all hereby incorporated herein by reference 
in their entireties. 

Summary of the Invention 

The present invention is directed toward preventing the occurrence of atrial or 
ventricular tachyarrhythmias by means of a pacemaker having the capability of 
delivering tachyarrhythmia prevention pacing therapies at single or at multiple 
locations within the atria and/or ventricles. The present invention accomplishes this 
desired goal by means of control and timing circuits and methods of operation which 
provide for optimization of the delivered pacing therapy by choosing which therapy, 
which electrodes and which pacing sites are employed, from among those available 
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for taehyarrhythmia prevention pacing. The timing and control circuitry includes 
means for tracking the occurrences of tachyarrhythmias over defined extended time 
periods, such as days, weeks or months. 

Pacing at multiple sites may be accomplished by delivering pacing pulses 
through separate electrode pairs, each pair located adjacent a different site within the 
atria or within the ventricles, may be accomplished by delivering pacing pulses 
between electrodes located adjacent different sites within the atria or within the 
ventricles or may be accomplished by delivering pulses between individual electrodes 
in the atna or ventricles and remote indifferent electrodes. The device may employ 
single or multi-site pacing in the atria, the ventricles, or in both the atria and the 
ventricles, with separate prioritized lists of therapies and/or electrodes and polarities 
programmed for the atria and the ventricles and may employ separate counts or 
durations of occurrences of tachyarrhythmia in the atria and the ventricles in order to 
induce switching of the electrode configurations used to pace the atria and the 
ventricles, independent of one another. 

In some embodiments, in response to detection of a predetermined number of 
occurrences of tachyarrhythmias within a defined extended time period and/or 
detection of a predefined cumulative duration of tachyarrhythmias within the defined 
extended time period, the selection of pacing therapy and/or interconnection of the 
electrodes available for pacing is modified to disable a tachyarrhythmia prevention 
therapy and/or to change the tachyarrhythmia prevention therapy. With each 
subsequent detection of a defined number and/or cumulative duration of 
tachyarrhythmias within the a defined extended time period, the device may switch to 
another available therapy and/or set of electrodes and pacing sites until an effective 
tachyarrhythmia therapy is selected or until all available therapies have been 
determined to be ineffective. 
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For example, in a device embodied in the form of a multi-site atrial pacemaker 
having electrodes positioned to stimulate at two different locations within the atria, 
the device may initially employ first and second electrodes in contact with atrial tissue 
to stimulate at both locations using the pacing method disclosed in the above-cited 
Mehra et al *429 patent, and then, in response to detection of a defined number of 
occurrences and/or a defined cumulative duration of tachyarrhythmia within the 
defined extended time period, the pacemaker may employ the second electrode, in 
conjunction with an indifferent electrode to stimulate only the second location using 
the pacing method disclosed in the above-cited Mehra '471 patent. 

In some preferred embodiments of the invention, upon detection of a defined 
number of occurrences of tachyarrhythmias and/or a defined cumulative total duration 
of tachyarrhythmias in the atria or the ventricles within a defined extended time 
period, the device checks to see if there is an available therapy and/or set of electrodes 
and polarities which offer the opportunity of reducing the frequency or duration of 
tachyarrhythmias. In these embodiments, a therapy and/or an associated set of 
electrodes and polarities not previously employed will, by definition, be considered as 
offering the possibility of reducing the frequency or duration of tachyarrhythmias. In 
addition, the device may record information with regard to the frequency and 
durations of occurrences of tachyarrhythmia in conjunction with a particular therapy 
and/or associated set of electrodes and polarities, and may consider any previously 
employed therapies and/or sets of electrodes and polarities as offering an opportunity 
for reducing the frequency or duration of tachyarrhythmias if the associated recorded 
information indicates reduced frequency or duration of tachyarrhythmias as compared 
to the electrodes and polarities currently being emplpyed. 

In other preferred embodiments of the invention the device automatically 
determines whether any tachyarrhythmia prevention therapy is desirable and, if so 
which therapy and/or set of electrodes and polarities will be initially employed, based 
upon the frequency and durations of occurrences of tachyarrhythmia in conjunction 
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with the particular therapies and/or associated sets of electrodes and polarities 
available. In these embodiments the device may first determine whether 
tachyarrhythmias in the absence of tachyarrhythmia prevention therapies and/or multi- 
site pacing occur during a first extended time period with a frequency sufficient to 
warrant employment of a tachyarrhythmia prevention therapy. If so, the device 
thereafter may sequentially apply each of the available therapies and/or sets of 
electrodes and polarities for a second extended time period to determine which results 
in the lowest incidence of tachyarrhythmias. The device may select the therapy and/or 
set of electrodes and polarities associated with the lowest incidence of 
tachyarrhythmias, provided that the incidence of (achyarrhythnnas is lower than with 
no tachyarrhythmia therapy delivered. In such devices, after initial selection of the 
most effective tachyarrhythmia prevention therapy and/or electrode sites and 
polarities, the device may continue to employ the selected settings for a third extended 
predetermined time period, for example a defined number of months, and on 
expiration of this extended time period repeat the process of determining whether a 
tachyarrhythmia prevention therapy is desirable and if so, which therapy is desirable. 

In order to more closely tie the anti-arrhythmia therapies and/or electrodes and 
polarities employed by the device to the incidence of tachyarrhythmias, the device 
may focus on tachyarrhythmias which are initiated following delivery of a pacing 
pulse. For example, the device may check stored information on sensed and paced 
events to determine whether a pacing pulse initiated the short: inter-depolarization 
period which initiated the tachyarrhythmia, and apply the detected arrhythmia to the 
tachyarrhythmia count or cumulative tachyarrhythmia duration measurement only if 
the detected tachyarrhythmia is initiated following a pacing pulse. 

In addition to or as an alternative to selection between different arrhythmia 
prevention pacing modes, a device according to the present invention may also 
operate to provide optimized parameters of a selected anti-arrhythmia pacing mode. 
For example, in the context of a rate stabilization pacing mode as described in the 
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above cited Mehra and Denker patents, or in the context of an atrial overdrive pacing 
mode as described in the above cited Hess et al patent, the value of the increment 
added to the duration of a previously measured R-R interval to define the next escape 
interval may be adjusted. In an analogous fashion, the delay time, if any, between 
pacing pulses delivered at multiple pacing sites or between sensed depolarizations at 
one pacing site and the delivery of a pacing pulse to a second pacing site may also be 
optimized as a function of the monitored result of the therapy provided. 

In order to optimize the parameters of the anti-arrhythmia pacing therapy 
provided, the device monitors a specific metric associated with the success of the 
therapy in a manner analogous to that descnbed above in conjunction with selection 
between arrhythmia prevention pacing modes. In this context, for example, frequency 
of occurrence of atrial or ventricular beats, occurrence of atrial or ventricular 
tachyarrhythmias, and the like may be monitored and compared to a desired defined 
endpoint condition, with operational parameters of the pacing mode presently in effect 
adjusted in an attempt to cause the measured metric to converge on the desired 
endpoint. 

The desired endpoint may be defined as a range which may have only an upper 
bound, only a lower bound or both upper and lower bounds. More than one measured 
metric may be employed to determine success of the arrhythmia prevention pacing 
mode. A measured metric falling outside of a defined endpoint range may trigger a 
change in the pacing mode to more aggressive or less aggressive parameter settings. 
The time period over which the metric is monitored may extend for a few hours up to 
several weeks. For example, if the defined metric is frequency of atrial fibrillation, 
the defined metric range might be less than a physician programmed number 
occurrences of atrial fibrillation over a two day time period. In this case, the device 
would adjust the parameters of a provided antiarrhythmia mode, for example, adjust 
the increment provided in conjunction with the atrial overdrive pacing modality 
described in the above Hess patent, until the measured frequency of occurrences of 
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atrial fibrillation per two day period was within the endpoint range. Alternatively, if 
the metric being measured is frequency of occurrence of PACs, the defined metric 
might be a defined range of PACs per hour, determined by the physician to represent 
an acceptable range of occurrences of PACs. In this embodiment, the aggressiveness 
5 of the atrial arrhythmia prevention pacing modality employed may be increased in 

response to the number of occurrences of PACs being in excess of the defined 
endpoint range, while the aggressiveness of the therapy might be decreased in 
response to an occurrence of less than the defined endpoint range of occurrences, in 
order to avoid over-treating the patient. In response to the number of PACs per hour 
1 0 falling within the defined range, the device would leave the parameter settings of the 

arrhythmia prevention pacing modality unchanged. 



In some embodiments, the same monitored metric or metrics employed to 
optimize the parameters of an arrhythmia prevention pacing modality may also be 

1 5 employed to disable the arrhythmia prevention pacing modality in effect or to trigger 

the switch to an alternative pacing prevention modality, as substitute for or in addition 
to the various mechanisms described above for selecting arrhythmia prevention pacing 
modalities. For example, in response to adjustment of the arrhythmia prevention 
pacing modality to its most aggressive parameters (the parameters believed most 

20 likely to prevent occurrences of arrhythmias), in conjunction with a failure of the 

measured metric to fall within the defined variance from the desired endpoint for the 
measured metric, the device may disable the arrhythmia prevention pacing modality 
presently under way or trigger a switch to an alternative available arrhythmia 
prevention pacing modality. 

25 

Brief Description of the Drawings 



30 



Figure 1 is a drawing illustrating a multi-site atrial pacemaker according to the 
present invention. 
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Figure 2 is a drawing illustrating a multi-site atrial, single site ventricular 
pacemaker according to the present invention. 

Figure 3 is a drawing illustrating a single site atrial, multi-site ventricular 
pacemaker according to the present invention. 

Figure 4 is a drawing illustrating a multi-site atrial, multi-site ventricular 
pacemaker according to the present invention. 

Figure 5 is a block functional diagram of a first embodiment of a cardiac 
pacemaker appropriate for use in practicing the present invention. 

Figure 6 is a block functional diagram of a second embodiment of a cardiac 
pacemaker appropriate for use in practicing the present invention. 

Figure 7 is a block functional diagram of a third embodiment of a cardiac 
pacemaker appropriate for use in practicing the present invention. 

Figure 8 is a functional flowchart, illustrating the basic operation of a 
pacemaker according to according to a first set of preferred embodiments of the 
invention. 

Figure 9 is a functional flowchart, illustrating the basic operation of a 
pacemaker according to according to a second set of Preferred embodiments of the 
invention. 

Figure 10 is a functional flowchart, illustrating the basic operation of a 
pacemaker according to according to a third set of preferred embodiments of the 
invention. 
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Figure 1 1 is a functional flowchart, illustrating the basic operation of a 
pacemaker according to according to a fourth set of preferred embodiments of the 
invention. 

Figure 12 is a functional now chart illustrating the mechanism by which the 
present invention may optimize the parameters of a selected arrhythmia prevention 
pacing mode. 



Figures 13, 14 and 15 represent alternative mechanisms for adjusting the 
parameters of an arrhythmia prevention pacing modality, in the context of the 
functional flow chart of Figure 12. 

Figure 16 is a partial functional flow chart illustrating a mechanism which 
may be employed in conjunction with the functional flow charts of Figures 12 through 
15, for disabling or changing the arrhythmia prevention pacing mode presently in 
effect. 



Detailed Description of th e Preferred Fm bodimenK 

Figure I illustrates an implantable pacemaker 10 according to the present 
invention and an associated lead set. The pacemaker comprises a hermetically sealed 
enclosure 12 containing the pacemaker's circuitry and power source and carrying a 
connector block or header 14 into which the connector assemblies 18and I6oftwo 
pacing leads 20 and 22 have been inserted. Pacing lead 20 is a coronary sinus lead, 
and carries two electrodes 28 and 30 located thereon, adapted to be positioned 
adjacent the left atrium, within the coronary sinus/great vein of the patient's heart. 
Lead 22 is a right atrial pacing lead carrying a distal, screw-in electrode 24 and a 
proximal ring electrode 26. 
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In conjunction with practicing the present invention, the pacemaker may 
employ the electrodes on the. various leads in a variety of combinations. Multi-site 
pacmg may be accomplished by s,multaneousl y delivering pacmg pulses to the right 
atnum usmg electrodes 24 and 26, w.,h electrode 24 serving as the pacmg cathode 
and to the left atnum using electrodes 28 and 30, usmg either of electrodes 28 and 39 
as the pacing cathode. Alternatively, multi-site pacing may be accomplished by 
delivering pacing pulses between electrodes 24 and 30 or between electrodes 24 and 
28, with either of the two chosen electrodes serving as the cathode, in order to 
st.mu.ate the nght and left a.na s.multaneously by usmg electrode 24 and either of 
electrodes 28 and 30 as pacmg cathodes and a conductive portion of the enclosure 12 
as a remote anode. Alternately, the right atnum may be stimulated without 
stimulation of the left atnum by employing electrodes 24 and 26 or by employing 
electrode 24 ,n conjunct.on with a conductive port.on of the housing of the device 
enclosure 12 to accomphsh umpolar pacmg. Sl milarly, pacmg of the left atrium may 
be accomphshed w.thout conespondmg paang of the nght atnum by pacmg between 
electrodes 28 and 30 or by pacmg between e.ther of electrodes 28 and 30 and a 
conductive portion of the housing 12. 

In conjunct™ with the present invention, it is preferable that the device 10 be 
configured to allow the physician to program a priontized list of tachyarrhythmia 
prevention pacing therap.es and/or pacmg sites and electrode conf.gurat.ons therein 
for sequential application by the device 10. For example, in the context of a device as 
dlustrated in Figure I, the physician may request that the device 10 initially delivers 
pacing pulses to the right and left atria between electrodes 24 and 30 as part of a first 
arrhythmia prevention therapy, w.th electrode 24 bemg a cathodal electrode, delivers 
bipolar pacmg pulses in the left atrium employmg electrodes 28 and 30 as part of a 
second arrhythmia prevention therapy, with electrode 30 being a cathodal electrode, 
and delivers bipolar pacing in the right atria employing electrodes 24 and 26 as part of 
a thud arrhythmia prevent.on therapy, with electrode 24 acting as a cathodal 
electrode. The first arrhythmia prevention therapy may, for example, simply be bi- 
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atrial bradycard,a pacing, while the second and third therapies may, for example, also 
include rate stabilization pacing as in the above-cited Mehra '471 patent. 

The dev,ce in some embodiments may operate as follows. Following 
programming, the dev.ce employs electrodes 24 and 30 to s.multaneously pace both 
the right and left atna. Over the course of a defined extended time penod of weeks or 
months, the device detects a defined number and/or cumulative duration of 
tachyarrhythm.as accordmg to preset cnteria. For example, a. tachyarrhythmia may be 
defined as a high atna. rate maintained for a min.mum penod of time. In response to 
the number and/or cumulative durafion of detected tachyarrhythm.a ep.sodes equaling 
a preset value, the dev.ce preferably checks to see if there are any available electrode 
configurations which offer the opportunity of reducmg the frequency of occurrence or 
the durations of atrial tachyarrhythmias. Because the next electrode configuration on 
the physician-defined list has not been tried, pacmg the left atrium usmg electrodes 28 
and 30 ,s then employed by the dev.ce. If the dev 1C e detects the requ.red number of 
occurrences and/or cumulate durafion of tachyarrhythmias dunng a subsequent 
defined time period, the dev,ce will determine that the third electrode configuration, 
pacing the right atrium by means of electrodes 24 and 26, ,s untried, and will employ 
th,s electrode configuration. On detecfion of the requ.red number of occurrences or 
cumulafi ve durafion of tachyarrhythmias, the dev.ce will then compare the number of 
tachyarrhythmras detected and the time penod over which the tachyarrhythrmas were 
detected for each of the three electrode configurations, and choose the electrode 
configuration associated with the lowest incidence of tachyarrhythmias. Operation of 
the device in this fashion continues, with the choice of electrode configuration altered 
automatically in response to an increase in the frequency of occurence or cumulative 
durafion of tachyarrhythmias using the previously selected electrode set, as compared 
to hrstorical measurements of the frequency and/or durafion of arrhythm.as ,n 
conjunction with the other electrode combinations. 
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In an alternative set of embodiments, using the same prioritized list of 
arrhythmia prevention therapies, the device may operate for a, first penod in the 
absence of any particular arrhythmia prevention therapy and/or alternate electrode 
configuration. For example the device may operate as a conventional AAI, 
bradycardia pacemaker, pacing at a single site in the right atrium. The device operates 
m this fashion for a firs, defined period of time, for example extending over a period 
of days or weeks, and momtors the number of detected tachyarrhythmia episodes 
and/or the durafions of detected atrial tachyanhythm.as. If the frequency or durafion 
of detected atnal tachyarrhythmias detected dunng this tune penod is less than a first 
preset threshold, the device may determine that specialized arrhythmia prevention 
pacing therapies and/or muhi-site pacing or a combination of the two are not required. 

If, however, dunng the first defined t.me period, a number or total duration of 
atrial tachyarrhythmias exceeding the first threshold are detected, the device may 
activate the first available tachyarrhythmia prevention therapy and/or alternate 
electrode configuration for a second defined period of time, typically less than the first 
defined period, agam monitoring the frequency and/or durations of detected atnal 
tachyarrhythmias, followed by sequentially activating the second and third 
tachyanhythm.a prevention therapies and/or electrode configurations for the second 
defined extended time period and determining the frequency and/or durations of atnal 
tachyarrhythmias. After delivering all available tachyarrhythmia prevention therapies 
and/or employing all available electrode configurations, the device may compare the 
relative frequencies and/or durafions of atnal tachyarrhythmias to determine wh.ch 
therapy and/or electrode configuration results in the lowest incidence of 
tachyarrhythmias, and enabling that therapy and/or set of electrodes and polarities 
providing that the therapy and/or electrode configuration provides a reduced incidence 
of tachyarrhythmias compared to conventional single site bradycardia pacing as 
measured during the first time period. 
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As an preferred alternative to employing each of the available tachyarrhythmia 
prevention therap.es and/or alternative electrode configurations for defined time 
periods and comparing the frequencies or cumulative durations of tachyarrhythmias 
detected therein, the dev.ce may instead continue operat.on m each of the ava.lable 
therap.es and/or alternat.ve electrode conf.gurat.ons until the earliest of the expiration 
of the defined second time mtervals or the meet.ng of a defined tachyarrhythm.a 
dura«.on and/or frequency threshold. The relative incidences or durat.ons of 
tachyarrhythmias per umt time may then be compared to chose the most desirable 
therapy and/or electrode configurat.on. Using this method, the time requ.red to check 
the vanous available therapies and/or electrode conf.gurat.ons may be substantially 
reduced. S.m.larly, ,he .nit.al operafion of the device without use of tachyarrhythm.a 
prevents therap.es and/or alternate electrode configurations may preferably cont.nue 
unt.l the earl.es, of the exp.rat.on of the defined first time .nterval or the meeting of a 
defined tachyarrhythmia duration and/or frequency threshold, to reduce the tune 
requ.red to determine whether tachyarrhythmia prevents therap.es and/or alternate 
electrode configurations are desirable. 

In a simphfied vers.on of th.s embod.ment of the .nvent.on, the dev.ce may be 
prov.ded w,th only a smgle tachyarrhythmia prevents pac.ng therapy and/or a s.ngle 
alternate electrode configurat.on. In th.s embodiment, the device merely compares the 
frequency and/or duration of tachyarrhythmias dunng application of the arrhythmia 
prevent™ therapy and/or alternate electrode configuration with the frequency and/or 
durat.on of tachyarrhythmia mcidences in the absence of arrhythmia prevention 
therapy and/or alternate electrode configurate, enabling apphcat.on of the therapy 
and/or alternate electrode conf.gurat.on only ,f they result .„ a reduced mc.dence of 
tachyarrhythmias. 

hi the event that the operation of the device and the selection of an initial 
arrhythmia prevention therapy is provided as described above, the dev.ce may 
subsequently operate accord.ng to the methodology set forth in conjunct.on w.th the 
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prev.ously described embodiments of the invention, periodically changing the 
tachyarrhythmia prevention therapy and/or the associated set of electrodes and 
po.ant.es in response to the increase in the .eve.s of tachyarrhythmias, select.ng an 
alternate therapy and/or se, of electrodes and polarities which provide a lower 
•ncdence of tachyarrhythmsas, if available. Alternatively, the dev.ce may define a 
d-d extended time penod, s.gnificantly longer than the first and second extended 
fme penod, On exp.rat.on of this third time penod, the dev.ce may repeat the 
seauence of operations descnbed above to agam determine whether tachyarrhythmia 
prevents therap.es and/or alternate electrode configurates are desirable and if so 
which should be employed. 

F,gure 2 ilhs.ra.es an anemarive embcalimen, of a pacemaker according ,„ ,„. 
paesen, i„ven,io. Here ,he pacemaker ,0 of Figore 2 genera,,, corneals ,„ lhe 

pacemaker 1 0„f F , g ^ I ,„ il hU,eaddH,„„„fve„ I „ cu , a , padn8capabl „ IlesThe 
pacemaker comprises . ^ heraKljc „ fc 

cncuriry and power source and a connector block 44 whrch receives ,he connector 
assembbes 46, 48 and 50 of ,bree pacing lea ds 52, 54 and 56. Leads 52 and 54 
correspond to ,eads 20 and 22, rcapee,ive,y, of Figure ,, and can, a,ri„ pacing 
erodes 58, 60, 62 and 64. Lead 56 is a veniricula, pacing ,ead carrying a belica, 
Cecriode 68 imbedded in ,be rigbi veniride of ,hc hear, and a, ring Ceenode 66 A 
dev.ce according ,„ F.gure 2 may emp|oy ^..^ ^ ^ ^ 

vemneula, pacmg, nsing pacmg modalfe such as ODD, DV, and DD, pacmg. 

Figure 3 is a second anenaanve embodimen, of ,he pacemaker employing ihe 
presen, ,„ve„,i„„. m , his embodimen, of ,he preseni inveniion, pacemaker 80 
exponas generally to me pacemaker 40 in Figure 2, including , bemaeiic enclosure 
82 eonnnning «he pacemaker's circniny am. power source am. a coram*,., block 84 
rece,v,„g ,he connector assembl.es 86, 88 and 90 of leads 92, 94 and 96, reapeenvely 
In .h,s embodamen, me paeemaker is condignnad to provide mnlri-srie veniricnla, 
pacmg ,„ eonjnncnon wiih atrial, sensing or pacmg, so ma, muUi-srie vemncular 
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pacng ma y be employed in conjunction with known pacing modes such as VDD 
DDD, DVI and DDI. Leads 92, 94 and 96 correspond to .eads 52, 54 and 56 
respectively illustrated in Figure 2, and carry pacng eiectrodes 98, .00, ,02 ,04 ,06 
and ,08. In the case of ,ead 92, it has been advanced further into the coronary 
smus/great vein than leads 20 and 52 of Figures , and 2, respective*, so that 
electrodes ,02 and ,04 are portioned adjacent the .eft ventricle of the heart The set 
of leads provided in Figure 3 thus gives the opportunity to prov.de multi-site pacng in 
the ventnCes of the heart, by pacing the ngh, ventriCe usmg the e.ectrodes , 06 and 
108 and pacng the left ventricle us.ng the electrodes ,02 and ,04 or by pacing 
between e,ec,rodes ,08 and either of the electrodes ,02 and ,04 or by pacng between 
electrode 98 and an urunsuJated portion of the housing 82 and pacng between 
electrode 102 or ,04 and an uninsulated portion of the housing 82. Pacng of the right 
ventncle a,one without concurrent pacing of the left ventricle is possible us,ng 
electrodes 106 and ,08 or using e,ec,rode ,08 ,n conjunction with an un,nsu,a,ed 
portion of the housing 82. Simi.ar.y, del.venng pacng pu.ses to the left ventricle only 
>s possible using electrodes ,02 and ,04 together or by using ether of decodes ,02 
or , 04 ,n conjunction with a conductive portion of housing 82. Operation of the 
device to select the desired pacng Nations within the nght and left ventricles and the 
desired e.ectrode configuration may be accomplished in an analogous faslnon to that 
described above in conjunction with Figure , ,n the context of multi-site atna, pacng. 

Figure 4 illustrates an additiona, embodiment of a pacemaker according to the 
present mvention. Pacemaker , 20 corresponds generally to Pacemakers ,0, 40 and 80 
m Figures ,, 2 and 3, respective*, and includes a hermetic enCosure ,22 containing 
the battery and circuitry of the pacemaker and a connector b,ock ,24 receiving the 
connector assemblies ,26, 128 and 130 of pacing ieads ,32, ,34 and 136 Pacng 
•eads 132 and 134 correspond to pacing leads 90 and 92 of Figure 3, and carry pacng 
electrodes 138, ,40, ,50 and ,52. Lead ,36 is provided with four eJectrodes ,42 144 
H6 and 148, allowing pacing of the left atrium us.ng electrodes 142 and ,44 and 
pacing of the left ventricle using electrodes 146 and 148. In this embodiment of the 



WO 00/09206 



PCT/US99/18442 



16 

invention, the device may select between pacing locations in the atria and the ventricle 
and may select among electrode configurations for accomplishing pacing in either or 
both of the atria and/or either or both of the ventricles in accordance with the basic 
mechanism described in conjunction with Figure 1 for use in selecting electrodes to be 
5 used in atrial pacing. 

Figure 5 is a block diagram of a first embodiment of a pulse generator 
appropriate for use in conjunction with the present invention. The block diagram 
illustrated is particularly useful for pacemakers as illustrated in Figure 1, directed 

10 towards multi-site pacing of the atria. Similarly, the device illustrated in Figure 5 is 

also suitable for multi-site pacing of the ventricles, by themselves. The pacemaker 
.includes a microprocessor 200 which controls operation of the device based on 
programming stored in read-only memory 202, communicated to the microprocessor 
200 by means of data/address bus 208. The timing and control circuitry 206, under 

1 5 microprocessors control, specifies the times of delivery of pacing pulses using the two 

pacing pulse amplifiers 2 10 and 212 and communicates occurrences of sensed events 
using sense amplifiers 222 and 224. Information with regard to the operation of the 
pacemaker including information as to the numbers and times of occurrences of 
tachyarrhythmias employed in the present invention is accomplished by means of 

20 random access memory 204. 

Microprocessor 200 operates as an interrupt driven device, under software 
control, responsive to expiration of timers within timer/control circuitry 206 and in 
response to occurrence of sensed events, detected by sense amplifiers 222 and 224. 

2 5 Telemetry circuit 230 in conjunction with antenna 232 allow communication between 

the device and an external programmer, by means of which the physician can program 
a desired list of electrode configurations into memory 204. The general operational 
methodology of this device may correspond to any of the numerous available 
microprocessor controlled cardiac pacemakers, for example, as disclosed in U.S. 

30 Patent No. 4,404,972 issued to Gordon et al, U.S. Patent No. 4,830,006 issued to 
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Haiuska et al. or U.S. Patent No. 4,407,288 .ssued to Langer et al., all mcorporated 
herem by reference in the.r entiret.es. In particular, the operation of the device may 
generally correspond to that described in U.S. Patent No. 5,41 1,524 issued to Mehra et 
al, also incorporated herein by reference in its entirety. 

The dev.ce illustrated .n F.gure 5 d.ffers from the operation of the dev.ces .n 
me above descnbed patent and in the above cted references d.sclosmg m ult.- S ,,e 
pacing patents by means of a prov.s.on of a sw.tch matnx 226 which operates under 
control of uniprocessor 200 via data/address bus 208 accordmg to the methodology 
of the present invention. Sw.tch matnx 226 operates to interconnect the electrodes 
214, 216, 218 and 220 w.th the pac.ng pulse generators 2 10 and 212 and w.th the 
amps 222 and 224 in any desired combination or configuration. 



sense 



For example, electrodes 214 and 216 may correspond to electrodes 24 and 26 
of F,gure 1, wlule electrodes 218 and 220 may correspond to electrodes 28 and 30 of 
F.gure I Electrode 228 may correspond to the housing of the device. In conjunct.on 
wnh operat,on of the dev.ce to s.multaneously pace both atna, switch matnx 226 may 
couple pulse generator 210 w.th electrodes 214 and 216 and may couple pulse 
generator 21 2 with electrodes 2 1 8 and 220 to provide for pacing of both the right and 
left atna. Alternately, pulse generator 2 10 might be coupled to electrodes 214 and 
220, with the pacmg pulse delivered therebetween in order to accomplish 
simultaneous pacng of both atna. The device may similarly be employed to pace only 
one atnum usmg only electrodes 2.4 and 216 and either of the two output ampl.fiers 
222 or 224 or to pace the other of the two atria using electrodes 21 8 and 220 and 
either of the pulse generators 210 and 220. S.mi.arly, the dev.ce may be employed to 
pace either one or both of the ventnc.es of a pafenfs heart, by locating electrodes 214 
and 216 adjacent one ventricle and electrodes 218 and 220 adjacent the other 
ventricle. 
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Microprocessor 200, under control of programing stored in read only 
memory 302 also serves to .mp.ement the various tachyarrhythmia detection functions 
reared by the devtce and to control the timing and delivery of pacing pu.ses in both 
convention, bradycardia pacng modahties and according to the physican, specified 
pnont 1Z ed list of arrhythm.a prevention pacng therapies. Arrhythmia detection 
mechamsms may correspond to any of those employed ,„ pnor art .mplantable anti- 
arrhythmta dev.ces including anti-tachycardia pacemakers, .mplantable cardioverters 
and .mplantable defibnl.ators. Examp.es of arrhythm.a detection methodolog.es 
appropnate for use in conjunction with the present invention include those described 
ur U.S. Patent No. 5,755,736 issued to Gillberg et al., U.S. Paten, No 5 545 1 86 
.ssued to Olson et al, U.S. Patent No. 5,730,14, issued to Fain et al. and U S Patent 
No. 5,379,776 issued to Murphy et al., all incorporated herem by reference in their 
ent,ret.es. It should be understood that any of the various known and available 
arrhythrma detect.on methodo.og.es may be employed in conjunction with the present 
invention. 



Arrhythmia prevention pacing therapies wh.ch may be implemented by 
nncroprocessor 200 and assoc.ated programming may, for example, correspond to 
those d. sc .osed in U.S. Patent No. 3,937,226 issued to Funke, U.S. Patent No 
4,354,497 issued to Kahn, U.S. Patent No. 5,683,429 issued to Mehra, U.S. Patent No 
4,941,471 issued to Mehra, U.S. Patent No. 5,545,185 issued to Denker, U S Patent 
No. 5,7 1 3,929 .ssued to Hess et a.., U.S. Patent No. 5,158,079 .ssued to Adams et al 
and U S. Patent No. 5,403,356 .ssued to Hill, some of which pacng modaht.es may 
also be dehvered us.ng multi-site pacing electrode systems, all of which are 
incorporated herein by reference in their entireties. The multi-site pacing therap.es 
employed .n conjunct.on with the present invention should also be understood to 
•nclude conventional bradycard.a pacing therapies, delivered to multiple sites within 
the atna and/or ventricles, wh.ch are also sometimes valuable in preventing the 
occurrences of some tachyarrhythmias, as well as arrhythmia prevention pacng 
modalmes as d.scussed above, dehvered to multiple site, Add.t.ona. mu.ti-s.te pacng 
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therap.es which may be employed include, for example, those described in U.S. Patent 
No. 4,928,688 issued to Mower et al., U.S. Patent No. 5,720,768 issued to 
Verboven-Nelissen, U.S. Patent No. 5,584,868 issued to Sab et al., U.S. Patent No 
5,243,978 issued to Duffin and U.S. Patent No. 5,267,560 issued to Cohen, all also 
incorporated herein by reference in their entireties 

Corresponding sets of arrhythmia detection methods and multi-site and 
arrhythmia prevention pacmg methods should be understood to be defined by the 
microprocessors and associated programming provided in the pacemakers illustrated 
m F lg ures 6 and 7 below, consumed to the extent necessary by the ava.lable number 
of input amplifiers and pulse generator output circuits mcluded in the pacemakers. 

Figure 6 is an embodiment of a pacemaker which may be employed to provide 
mum-sue atrial pacing in conjunction with ventricular pacing or multi-site ventricular 
pacmg ,n conjunction w.th atrial pacing, corresponding to those illustrated ,n F.gures 
2 and 3. Microprocessor 300, ram 304, ROM 302, data/address bus 308, 
timmg/control crcu.try 3 06, output amphfiers 3 10 and 3 12 and mput amplifiers 3 
22 and 324, as well as sw.tch matnx 326 all correspond generally to microprocessor 
200, ram 204, ROM 202, data/address bus 208, timing/control 206, output amplifiers 
2 10 .and 212, input amplifiers 222 and 224 and sw.tch matnx 226 of Figure 5 
Telemetry circuit 330 in conjunction with antenna 332 allows communication 
between the device and an external programmer, by means of which the physician can 
program a desired list of electrode configurations into memory 304. Operation of the 
device differs from that illustrated ,n Figure 6 in that ,t is prov.ded with programmmg 
stored m ROM 302 which allows microprocessor 300 to operate tuning/control 
orcuitry 302 to provide dual pacing modes such as DDD, DV1, VDD, DDI, and the 
like, using amplifier 3 10 to pace one or more of the atria, amplifier 3 12 to pace one 
or more of the ventricles, sense amplifier 322 to sense atrial depolarizations and sense 
amplifier 324 to sense ventricular depolarizations. 
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If multi-site atrial pacing is desired in conjunct.cn with ventricular pacng for 
example, electrode 3,4 may beplaced adjacent the right atrium, electrode 3,6 may be 
Placed adjacent the left atrium and electrodes 3 1 8 and 320 may be placed in the right 
ventncle. Electrode 328 may correspond to the housing of the device. Pacing of both 
atna may be accomplished by coupling atrial pacmg amplifier 3 10 to pace between 
electrodes 314 and 3 16, while pacing of the right atrium mdividually maybe 
accomplished by coupling output amplifier 3 10 to electrodes 314 and 328 and pacng 
of the left atrium mdividually may be accomplished by couplmg amplifier 3 ,0 to 
electrodes 310 and 328. Pacmg of the ventricle maybe accomplished by coupHng 
electrodes 3 1 8 and 320 to amplifier 3,2. 



In the case in which mult.-s.te ventricular pacing is desncd in conjunction 
w.th atnal pacing, this may be accomplished by placing electrodes 314 and 3,6 in the 
nght atrium, electrode 3 1 8 in the right ventricle and electrode 320 adjacent the left 
ventncle. Atria, pacing may be accompl.shed by coupling amplifier 3 1 0 to electrodes 
314 and 316, while pacing of right and left ventricles simultaneously may be 
accomplished by coupling pulse generator 312 to electrodes 2,8 and 320 and pacing 
therebetween. Pacing of the right ventricle individually may be accompfished by 
couplmg amphfier 3,2 to e,ectrodes 3,8 and 328 whi,e pacmg the left ven.ncle 
md.v.dually may be accomplished by couplmg amphfier 3 12 to electrodes 320 and 
328. In the even, that multi-site pacing , s des.red m both the atria and the ventricles 
electrodes 314 may be located in the right and ,eft atria respectively, and electrodes ' 
3,8 and 320 located in the right and left ventricles respect.vely, and a sw.tch matrix 
employed as described above to se.ect pacing in either one or both of the atna or the 
ventricles. 

Figure 7 is a block diagram of a pacemaker which may accomplish any of the 
pacmg modalit.es discussed above. Pacemaker in Figure 7 corresponds generally to 
that .„ Fl gure 5, with the except.on that separate output ampl.fiers are prov.ded for 
each of the right and left atna and each of the right and left ventncle, m conjuncfion 
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with separate electrode pairs to be applied to each of the right and left atria and right 
and left ventricles. Microprocessor 400, Ram 404, ROM 402, data/address but 408, 
timing/control circuitry 406, pulse generators 410 and 412, sense amplifiers 422 and 
424 and switch matrix 426 correspond generally to microprocessor 300, ram 304, 
ROM 3 02, data/address bus 3 08, timing/control circuitry 3 06, pulse generators 3 10 
and 312, amplifiers 322 and 324 and switch matrix 326 of Figure 6. Telemetry circuit 
442 in conjunction with antenna 444 allows communication between the device and 
an external programmer, by means of which the physician can program a desired list 
of electrode configurations into memory 304. The device of Figure 7 differs in the 
addit.on of two additional amplifiers 428 and 430 and the addition of additional 
electrodes 432, 434, 436 and 438 and by means of the correspondingly increased 
number of switches required for switch matrix 426 to allow interconnection of the 
four output amplifiers to the electrode pairs to allow for pacing of one or both of the 
ventricles or the atria. For example, electrodes 414 and 416 may be located in the 
right atrium, electrodes 4 1 8 and 420 located adjacent the left atrium, electrodes 432 
and 434 may be located in the right ventricle, and electrodes 436 and 438 located 
adjacent the left ventricle, to provide a pacemaker corresponding to that illustrated in 
Figure 4. Electrode 440 may correspond to the housing of the device. Pulse generators 
420, 43 0, 410 and 412 may be selectively connected via switch matrix 426 to allow 
for pacing of one or both of the right and left atria and right and left ventricles, using 
either electrode pairs located adjacent each chamber or by pacing between electrodes, 
one located adjacent each chamber or by pacing between electrodes located adjacent 
each chamber and the enclosure of the device. 

Figure 8 is a functional flow chart illustrating a first method of operation of a 
device according to a first embodiment of the present invention, which may 
correspond structurally to the devices of any of figures I - 7. Figure 8 illustrates a 
subset of the program stored within the memory of the device, controlling operation of 
the microprocessor, and reflects the operation of the device following sensing of an 
atrial or ventricular depolarization, depending upon the particular implementation of 
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»he mvention. A device according to the present invention may employ the 
methodology illustrated in Figure 8 following sensed atrial events if atrial pacing is 
available, following sensed ventricular events if ventricular pacing is available or 
following both atrial and ventricular events if atrial and ventricular pacing are both 
available. 

In response to sensing of a depolarization at 500, the microprocessor records 
the type of depolanzat.on sensed and the penod separating the sensed depolarization 
from prev,ous depolarizations of the same chamber and of other chambers, in order 
that the stored information may be employed to determine whether a tachyarrhythmia 
is currently underway. The device checks at 504 to determine whether a 
tachyarrhythmia is underway. For example, the presence of a tachyarrhythmia may be 
confirmed by persistence of a rate in the chamber being sensed above a defmed 
threshold, extending for at least a defmed period of time. Alternatively, any other 
known tachycardia or tachyarrhythmia detection algorithm may be employed, 
including those set forth in the U.S. patents cited above. 

In the event that tachyarrhythmia is not detected at 504, the device checks at 
506 to determine whether the extended time period over which occurrences of 
tachyarrhythmia are monitored, as discussed above, has expired. The extended time 
period is preferably at least several days and more preferably at least several weeks. If 
the timer has expired, the timer is reset at 5 1 0 and the count of occurrences of 
tachyarrhythmias is correspondingly reset at 5 10 and the device returns at 5 0 8 to 
pacing the atria and/or ventricles using the electrode configuration previously 
selected. 

In the event that tachyarrhythmia is detected at 504, the device may optionally 
check at 512 to determine whether the event which preceded the first short period of 
the detected tachyarrhythmia was a paced event in the chamber in which the 
tachyarrhythmia is detected. If so, a count of detected occurrences of tachyarrhythmia 
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is incremented at 514. If not, the device checks to see if the extended time period is 
expired at 506, as discussed above. Alternately, step 512 may be omitted, and the 
device may increment the count of occurrences of tachyarrhythmia each time the 
tachyarrhythnna is detected, irrespective of whether the tachyarrhythmia is preceded 
by a delivered pacing pulse in the chamber in which the tachyarrhythmia is detected. 
It is believed that inclusion of the step illustrated at 512 may be preferable in some 
patients, in that it tends to more accurately identify tachyarrhythmias which might 
have been initiated by delivery of cardiac pacing pulses. 

At 516 the incremented countof tachyarrhythmia occurrences is checked 
against a preset threshold, and, if the count has not exceeded the preset threshold, the 
microprocessor checks at 506 to determine whether the extended time penod has 
expired, and proceeds as described above. If, however, the count of detected 
tachyarrhythmias at 5 16 does exceed the defined threshold, the microprocessor 
records information a. 518 with regard to the frequency of occurrence and/or duration 
of tachyarrhythmias, the present tachyarrhythmia prevention therapy and the present 
electrode configuration of the dev.ce. For example, the microprocessor may record in 
random access memory associated therewith, the therapy presently in effect, the 
particular electrodes employed to pace the chamber in which the tachyarrhythmia is 
detected, the polarities of the electrodes and the time span over which the required 
number of tachyarrhythmia occurrences was detected. As discussed above/this 
information may later be employed in order to determine whether the existing 
arrhythmia prevention therapy and/or electrode configuration, is performing better 
than other available therapies and/or electrode configurations. 

The extended time period and the tachyarrhythmia count are reset at 520, and 
at 522 the microprocessor checks to determine whether a therapy and/or an electrode 
configuration is available which offers the opportunity of a reduced incidence of 
tachyarrhythmias. By definition, untried therap.es and/or electrode configurations that 
are on the list of configurations programmed into the device by the physician are 
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cons,dered to offer the possibility of a reduced incidence of tachyarrhythmias. 
Alternatively, the previously attempted arrhythmia prevention therapies and/or 
electrode configurations which have, based on information recorded by the 
microprocessor, provided a lower incidence of tachyarrhythmias are also considered 
to offer the possibility of a reduced mcidence of tachyarrhythm.as. In the absence of 
untned therapies and electrode configurations, the therapy and/or electrode 
configurate having the lowest incidence of tachyarrhythnna per urn, of time will be 
employed. At 524, the arrhythnna prevention therapy and/ or electrode configuration 
and/or selected pacing sites are modified as appropnate, and the dev.ce continues to 
operate usmg its newly seleeted therapy and/or electrode configuration If the 
h,stonca, informate stored by the uniprocessor whh regard to other therapies and 
electrode configurations does not ind.cate the opportunity for a lower incidence of 
tachyarrhythm.as, the dev.ce contmues to operate a, 508 usmg the present therapy and 
electrode configurate and cont.rn.es to momtor occurrences of tachyarrhythmia By 
the mechamsm descnbed above, as the arrhythm.c substrate of the heart changes over 
lime, the pacemaker automat.cally has the ab.bty to opt.m.ze the tachyarrhythmia 
prevents therapy, the pacing site or sites employed by the pacemaker and/or the 
electrode configurations employed at the various pacing sites. 

Figure 9 ,s a functional flow chart .Ilustrating an alternative method of 
operate of a pacemaker according to the present mvention, which may correspond 
structurally to the dev.ces of any of figures I - 7. Like the method of operate 
.Hustrated m F.gure 8, tins poruon of the software stored in the read-only memory of 
the dev.ce ,s entered at 600 in response to a sensed atria, or ventncu.ar depolanzation 
and the associated information concerning the depolarizahon is recorded at 602 At 
604, the uniprocessor checks to determine whether a tachyarrhythmia has been 
■nmated. If so, the microprocessor optionally checks at 606 to determine whether the 
detected tachyarrhythmia was preceded by a paced beat, as discussed above in 
conjunction with Figure 8. If so, the time of onset of the tachyarrhythm.a is recorded 
at 614. As discussed above, the device may alternatively record the onset of a 
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■achya^hnna regards of „ baha ■„ was by , ^ ^ ^ ^ ^ 

e„her case, ,he device ,hen check, a, 608 ,o de,e„™„e ^ , he exlended ^ 
penod has rapired a , 608 , If so, lh e device rese,s ,he exuded ,i m e period and lhe 
<o,a, dusarion of .achyas.hy.hoia episodes a, 6 ,0. ,„ either case, ,he device ,he„ 
conbnues operabon a, 6,2 us,„g ,he erodes confix p re v,„ usly employed 

In .he even, ,ha, ■achyarrhylho.ia ,s no, de,ec,ed a, 604, „, io ,he even, ,ha, 
■achyan-hytaia was previous,, de,ec,ed a, 604 and con.innes ,„ be „„derwa y d,e 
ev,cechec k s a, 6,8 ,o de,=„™e w„e,he, , ennmallon 
bee. de.ec.ed. ,f no,, lhe oevice checks „ m „ ^ ^ ^ 

penod has expired and c„„,i„„es as desenbed above. ,f, „„ lhe olher han(| 
.erm.naUon of ,he .achyand.y.hoia has been de,ec,ed, ,he dev.ee records ,he 
■erosion a, 620 and emp,„ys ,he difference beween ,he „ m e of onse, arrd ,he ,i m e 
of .emnnabon ,o npda,. a cwn„,a,ive m eas„ren,en, of ,o,a, dnmhon of 
tachyarrhythmia episodes at 622. 



A,62 <' h '™-oprocessorcon,pa,es,he,o,aId„ra,,„„„f la c hyMlhytnm , a 
ep,andes w,,h a prcse, ,hresho,d va,„e V. ,f ,„e ,„,a, dura,i„„ of .achyar.hy.hn.ia 
erodes accnn.nla.ed does no, exceed Y, ,he dev,ce re,„ms ,„ cheC ,„ de.er.inc 
wheher d» ex.ended rime period has expired a, 60S asK, co„,i„nes as described 
above. „ however, fc ,o,a, durarion ofde,«^ .achyarrhyhnria episodes exceeds 

e prese, dareshoh,, nffo„„a,i„„ ,egard,„g u,e anb-a^a pacing .belies and/or 
decide confignrahon prese„„ y m effecl ta ^ 
*• de.ec.ed .achy-anhyhanias is recorded a, 626, inCnding ,he amonn, of time 
.eon.red in order ,„ de,ec, ,he speeihed ,«a, cumu ,a,,ve duralio „ 0 f lachyan)lylhmia 
« Th,s Woraiai „„ is nsed as desenbed above in Compaq fc •he.p, and/or 
eteabode coniignrahon presen„ y jn efFecl lo other ^ 

Condons. The ex.ended ,i m . pe„od and ,he „_e„, of ,„», dural ,„„ of 
ach^hmia .p.sodes is rese, a, 628, and dre device checks as disenssed above ,„ 
decmnne whche, a ,herap y a„d/o, decode confgnndion offering Uae oppo^ 
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for recced fluency of .achromias is avai|ab]e Jf so, dre ^comaker se.ec, dre 
6 2 us ,„g lhe newly ^ ^ Md/M dearode ^ 

.he mstoncal mformaiion recoroed by ,he microprocessor, ,he orher avaikrble 
therapies and/or ebxtmde o, t ^« * nol ^ „ 0(fe ^ 
reducoo ,„ ,he „ve, a „ dorahon of tachyanbylhmia, rhe device relUn ,s ,o its previous 
opera,™ ua.ng ,he anbytaia preve„,i„„ .herapy md electrode ^ 
presently in effect at 6 1 2. 

Figure ,0 is a nmcrioua, low char, „,„ araling . lhlrd me|hod of ^ 
a Pacemaker accordmg ,„ , he preS e„, invenuon whlch may a 
■he devrcea of any of f lgurc s , - 7 . ,„ Ws ^ lhe „ 

"" ' S,nEle mMhm ' a -«» a srngie a„e m a,e eiecbode 

mode r ate stabilization P ae,„ 8 a, srngie or muh,p,e s,,es as described above or Ly of 
•he odrer arrbytbm, a prevenlio „ pac , ng ^ ^ ^ ^ 

above. ,„ .Ms embodiment, ,be device s,mp ly determines whel her or ml « of 
the arrbybmra prevent .berapy a*,r „se of an a„cma,e eiectrode configura.ion is 
approve, baaed upon rbe fluency and/or dumbon . fM » TO of arrhythmias 
wm e the arahyrhmra prevention iherapy is pmsen, ^ ^ „ fa 
duratmn of oecnrre^es of antyrhmias whiie ,he arrhythmia prevent therapy is 

The operation of the device according to these embodiments of ,he invention is 

~ time period in dais c as « typieady extends for a, ,eas, a period of severa, days 
D»ng tos „ me ^ fc deyice ^ a ^ ^ 

•achyanbythmras which may be, for exampie, cumulative duraiion of det ec,ed 
h.chyam,y,nm,as, fi-er^y of oeomae^e of iacbyarahyrhmias, or fi-erprency or 
duratron of detected tachyarrhyrhmras f„, lowing paclng pu|scs as dKc 
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conjunction with Figures 8 and 9. Alternatively, a combination of these parameters 
may be employed, as discussed below. The device continues to monitor the value of 
the selected tachyarrhythmia parameter until either time period Tl expires at 710 or 
until the value of the monitored parameter exceeds a threshold X2 at 71 6, indicative 
of a specified frequency or duration of detected tachyarrhythmias. On expiration of T 
I, the device checks to determine whether the value Xi of the measured 
tachyarrhythmia parameter exceeds a defined threshold X 1 which is set to be less than 
X2 as described above. If not, the device determines that the incidence of 
tachyarrhythmras is no, sufficient to justify use of «he arrhythmia prevention therapy 
and/or alternate electrode configurations, the tachyarrhythmia prevention therapies 
and/or alternative electrode configurations are disabled a, 706 and the device exits to 
normal bradyarrhythmia pacing functions at 708. 

If, on the other hand, the measured value Xi of the tachyarrhythm.a parameter 
exceeds XI during time period TI or exceeds X2, prior to the exprration of time period 
T I, the time (T) since initiation of the extended time period and tachyarrhythmia 
parameter value (Xi) are stored at 714. The arrhythmia prevention therapy and/or 
alternative electrode configuration ,s set on at 7 1 8, and the extended time period is 
reset at 720 to again correspond to a second extended time interval T2, which may be 
shorter than Tl . In a fashion analogous to that desenbed above, the nucroprocessor 
waits until either the time period T2 expires at 722 or until the measured value Xp of 
the tachyarrhythmia parameter exceeds a defined threshold X3, which may be less 
than X2, at 724, and following either event, stores the time (Tp) since resetting of the 
extended time period X2 and the measured value (X P ) of the arrhythmia parameter a, 
726. At 728, the microprocessor compares the frequency or duration of 
tachyarrhythmia per unit time during use of the therapy and/or alternate electrode 
configuration (Xp/Tp) with the frequency or duration of tachyarrhythmias m the 
absence of the therapy (Xi/Ti). If the frequency or duration of arrhythmias is not 
reduced during delivery of the arrhythmia prevention therapy and/or alternative 
electrode configuration, the arrhythmia prevention therapy and/or alternative electrode 
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configuration is disabled at 732 and the device exits to normal bradycardia pacing at 
734. If, on the other hand, the incidence of tachyarrhythmias is reduced during use of 
the arrhythmia prevention therapy and/or alternative electrode configuration, the 
therapy and/or alternative electrode configuration is enabled at 730 and the device 
exits the initialization program at 734. If multiple tachyarrhythmia parameters are 
monitored, they may be weighted and combined with one another and compared to a 
single threshold value or each monitored parameter may have its own threshold. If 
multiple thresholds are employed, the dev,ce may determ.ne that the required level of 
arrhythmias been detected in response to one, some or all of the thresholds being 



met. 



Figure 1 1 is a functional flowchart illustrating a more elaborate method of 
operation of the present invention, in which multiple arrhythmia prevention therapies 
and/or electrode configurations are included in a pacemaker which may correspond 
structurally to the devices of any of figures 1 - 7. As described above, available 
operative modes may include single site arrhythmia prevention pacing therapies, 
multi-site pacing employing traditional bradycardia pacing modes and specialized 
multi-site arrhythmia prevention pacing therapies, not corresponding to convention 
bradycardia pacing modes. Operation of the device initially corresponds to that 
described to that in Figure 10. Operation of the dev.ce according to the present 
embodiment is initialized at 800, with the extended time penod T I initiated at 802. 
During TI the device monitors the parameter "X" associated with the occurrence of 
tachyarrhythmias, which, as described above may be frequency or duration of 
tachyarrhythmias, until either expiration of Tl at 8 10 or until the present value (X.) 
of the monitored parameter exceeds a defined threshold (X2) at 816. Alternatively, a 
combination of these parameters may be employed, as discussed above in conjunction 
with Figure 10. If on expiration of Tl, the value of the monitored tachyarrhythmia 
parameter X, does not exceed a second threshold XI lower than X2, the device 
determines that arrhythmia prevention therapies and/or alternative electrode 
configurations are not required at 806 and the device returns to operating at a 
conventional bradycardia pacemaker at 808. If the value Xi of the measured 



WO 00/09206 



PCT/US99/18442 



29 



tachyarrhythmia parameter exceeds XI on expiration of Tl, or exceeds X2 prior to 
expiration of Ti, the device stores the elapsed time (T) since the initiation of the 
extended time period and the value (Xi) of the measured parameter. 

In this embodiment, it is envisioned that the physician has provided a 
prioritized list of a number V of tachyarrhythm.a prevention therapies and/or 
electrode configurations, which the device will sequentially employ for the defined 
extended time periods to measure the relative frequency of occurrences or durations of 
tachyarrhythmias therein. As discussed above, these therapies and electrode 
configurations may differ from one another in terms of the timing of the delivery of 
pulses, the conditions for delivery of pulses and the locations and poJarit.es of the 
electrodes according to any of the various patents cited above dealing with arrhythmia 
prevention therapy. The therapy and/or electrode configuration "n" to be evaluated is 
set equal to 1 (the first therapy and/or electrode configuration on the list) at 81 8, and 
that therapy and/or electrode configuration is enabled at 820. The timer is reset at 822 
to define the extended time period T2 as described above, during which the 
arrhythmia parameter "X" is monitored, precisely as discussed above. On expuation 
of time period T2, or on the value (Xn) of the monitored parameter exceeding the 
higher threshold X3 at 828, the dev 1C e stores the time (Tn) since initiation of the 
extended time period T2 and the value (Xn ) of the monitored parameter associated 
w,th the currently enabled arrhythmia prevention therapy and/or electrode 
configuration at 830 so that these values may be employed to ]ater select the most 
desirable operation of the device. The device then checks at 832 to determine whether 
n is greater than in, indicating that the therapy in effect is the last therapy and/or 
electrode configuration on the list, if not, n is incremented at 834 so that the next 
successive therapy and/or electrode configuration may be activated at 820. 

This process continues until corresponding values for elapsed time (T) and the 
monitored arrhythmia parameter (Xn) have been gathered for each of the in available 
arrhythmia prevention therapies and/or electrode configurations. At this point, the 
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device at 836 compares the duration or frequency of arrhythmias per unit time at 836 
and selects the therapy and/or electrode configuration having the lowest frequencies of 
occurrence or durations of arrhythmia detected per unit time. The initialization 
sequence is exited at 838 and the dev,ce continues to operate in the selected 
tachyarrhythmia prevention mode. Following selection of an initial therapy and/or 
electrode configuration, the dev.ce may operate as described in conjunction with 
figures 8 or 9 above, if desired. It should be understood in conjunction with the 
selection function that in the event that none of the in tachyarrhythmia prevention 
therap,es and/or alternate electrode conf.gurat.ons provide a reduced frequency or 
duration of tachyarrhythm.as per unit time, the device will disable all of the 
tachyarrhythrma prevention therapies and return to normal bradycardia pacing at 83 8. 

As in the embodiment described in conjunction with Figure 10, if multiple 
tachyarrhythmia parameters are monitored, they may be weighted and combined with 
one another and compared to a single threshold value or each monitored parameter 
may have its own threshold. If multiple thresholds are employed, the dev.ce may 
determine that the required level of arrhythmias been detected in response to one, 
some or all of the thresholds being met. 

In the event that the operation of the device and the selection of an initial 
arrhythmia prevention therapy is provided as described above in conjunction with the 
embodiment of Figure 1 1 , the device may subsequently operate according to the 
methodology set forth in conjunction with the previously described embodiments of 
the invention as described in Figures 8 and 9, periodically changing the 
tachyarrhythmia prevention therapy and/or the associated set of electrodes and 
polarities in response to the increase in the levels of tachyarrhythmias, selecting ; 
alternative therapy and/or set of electrodes and polarities which provide a lower 
incidence of tachyarrhythmias, if available. Alternatively, after either selecting a 
tachyarrhythmia prevention therapy or alternate electrode configuration or 
determining that neither is needed as described above in conjunction with the 



an 
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embodiments of Figures 10 and 11 , the device may deGne a th.rd extended time 
period, significantly longer than the first and second extended time periods. On 
expiration of this third time period, the device may repeat the sequence of operates 
described above to again determine whether tachyarrhythmia prevention therap.es 
and/or alternate electrode configurations are desirable and if so which should be 
employed. 

Figure 12 is a functional flow chart illustrating a mechanism by which a 
device according to the present invention may optimize the specific parameters of a 
selected arrhythmia prevention pacing modali.y. The device may operate according to 
the flow chart of Figure 1 2 after selecting an optimal arrhythmia prevention pacing 
modality according to the mechanisms described in Figures 1-11, discussed above. 
Alternatively, the device may operate accord.ng to the flow chart of Figure 12 in 
conjunction with the operation of the device according to the flow charts of Figures 1- 
1 1 above. For example, the device may attempt to optimize a parameter or parameters 
of each selected arrhythmia pacing prevention modality evaluated by the device 
accordmg to Figures 1-11, so that the evaluation of the arrhythmia prevention pacmg 
modality may take into account the best of avadable settings for specific pacing 
modality. In such circumstance, device would preferably continue to operate 
according to Figure 12, after selection of a preferred one of the available arrhythmia 
prevention pacing modalities. 

At 900, the arrhythmia prevention pacing modality is selected, either by 

programming or by the mechanisms described above in conjunction with Figures 1- 
1 1. Initial settings of the parameters of the arrhythmia prevention pacing modality, 
for example, the increment to be added to preceding V-V, V-R, R-V or R-R intervals 
in the context of a rate stabilization algorithm as described in the above eked Mehra 
or Denker patents, or adjustment of a decrement to sensed P-P or A-P intervals or 
increment to paced A-A intervals in the context of an atrial overdrive pacing modahty 
as described in the above Hess patent, or an adjustment to the time delay between 
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delivery of pacing pulses a, different pacing sites in the context of multi-site P ac lng 
algonthms as described above. In addition, at 904, the value of the defined endpoint 
range ,s set and the va.„e of an optiona, counter «„", used in conjunction with features 
descnbedbelowissettol. The defined endpoint range may be, for example a 
predefined m axi mum nu m ber of premature atrial or ventncular events per a unit time 
a range extending between defined max lmum „, mmimum numbeR; of ' 
of arrhythmias such as atrial filiation per un,t time, or the like. At 906, the device 
begins t^g a time interval Tl, during which the dev.ce will evaluate the 
performance of the selected antiarrhythm.a pacng modality, at the initial parameter 
settmgs. Dunng tins time penod, the metnc to be measured, e.g., premature beats 
occurrences of arrhythmias, or the like, ,s monitored at 908. On expiration of the ' 
-nerval Tl at 9,0, an endpoint E n corresponding to the measured metnc ,s calculated 
For example, if time interval Tl extends over several days, and the measured metric 
•s premature beats per hour, the calculated endpomt may reflect the average 
occurrences of premature beats per hour over the entire duration of time interval T, or 
may reflect the average rate of occurrences of premature beats per hour over the later 
poruon of time penod T, After calculation of ^ its value is compared to the defined 
endpomt range, and the relationship between the calculated endpoint E and the 
defined endpoint range is employed to adj ust the setting of one or more parameters of 
the anhythrma prevention pacing modahty at 914. A, 916, the value «„» of the 
optmnal counter is incremented, and a new rime interval Tl ,s initiated at 906. 

Figure ,3 illustrates one of the Simplest mechanisms by which a dev.ce 
according to the present invention may adjust the parameters of an arrhythmia 
prevention pacing modality. In this context, ,t is assumed that the desired endpoint 
range ,s defined by a value which the physician feels is the upper bound of an 
acceptable level of occurrences of arrhythmic event, If the measured endpoint E„ is 
greater than the upper boundofthe defined endpo.nt range, the parameter settmgsof 
the arrhythmia prevention pacing modality are determined to be unacceptable, and the 
parameters are adjusted in a defined direction in order to make the prevention pacino 
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modahty more aggress.ve, i.e., mor e likely ,o prevent occurrences of arrhythmia For 
example, m the context of adjustment of an atrial overdrive pacing mode as in the 
above ced Hess et al. patent, the decrements to the measured A-P or P-P interval 
may be increased, in order to decrease the relative number of occurrences of 
spontaneous beats. In the event that the va,ue of E„ is already less than the upper 
bound of the defmed endpoint range, the parameters of the arrhythmia prevents 
pac.ng modahty are determmed to be acceptable, and are not adjusted. 

F.gure 14 ...ustrates a somewhat more complex mechamsm for adjusting the 
parameters of an arrhythmia prevention pacmg modahty, in wh.ch the desired 
endpom, range has defined non-zero upper and lower bounds. At 922, the device 
compares E„ to the upper bound of the desned endpom, range, in the fashion 
descnbed in conjunction with block 9.8 of Figure 13, and performs a corresponding 
adjustment of the arrhythmia prevention pacing parameters at 924. However in tins 
case, ,f the measured value of E n ,s less than the lower bound of the defined endpomt 
range at 926, the device adjusts the parameters of the arrhythmia prevention pacing 
modahty in the opposite direction at 928, decreasmg the aggressiveness of the therapy 
m order to avoid over-treating the patient. 

For example, if the measured metric is occurrence of premature ventncu.ar 
depolanzations, and the arrhythmia prevention pacing modahty is rate stabilization 
pacmg as described in conjunction with the above Denker and Mehra patents a 
number of premature ventncu.ar beats in excess of the desired endpomt range may 
trigger a decrease in the increment added to a preceding R-R, V-V, R- V or V-R 
interval to define the next subsequent pacing interval. The result would be an 
mcreased ability to prevent occurrences of premature ventncular depolarizations but 
at the cost ofanmcreased number of dehvered pacing pulses. Conversely m the 
event that the number of premature ventricular beats is less than the defined endpo.nt 
range, the value of the increment added to the precedmg measured R-R, V-R R-V or 
V-V mterval may be mcreased, mcreas.ng the hkehhood of spontaneous ventncular 
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beats and decreasing the number of required delivered pacing pulses. In this fashion, 
the device can optimize the parameters of the arrhythmia prevention pacing modality 
to reflect a balance between reduction in occurrences of premature beats and the 
mcreased current drain associated with increased delivery of cardiac pacing pulses. 

A similar mechanism can be employed in the context of a device which 
delivers pacing pulses to multiple sites within the atria or ventricles of the heart, in 
order to induce a more simultaneous depolarization and prevent occurrences of 
premature beats or arrhythmias. For example, as d lS cussed above in conjunct.on with 
dev,ces as pacing electrodes and sense amplifiers associated with multiple sites within 
the atria or associated with multiple sites within the ventricles may be provided. In 
such dev,ces, delivery of a pacing pulse at one site responsive to a sensed 
depolanzation at another site or delivery of a pacing pulse at one site in response to 
delivery of a pacing pulse at another site may occur afier expiration of a defined 
relatively short escape interval, as discussed in U.S. Patent No. 4,928,688 issued to 
Mower, and incorporated herein by reference in its entirety. In this case, the longer 
the interval separating the sensing or pacing at a first location and the subsequent 
delivery of a pacing pulse at a second location, the more likely it is that the pacing 
pulse at the second locat.on will be mhibited. In the context of a dev.ce operating in 
this fashion, the dev.ce may monitor frequency of occurrences of arrhythmias, and in 
response to a measured endpoint E n corresponding to frequency of occurrence of 
arrhythmias exceeding the defined endpoint range, the duration of the escape interval 
between sensing or pacing at one site and subsequent delivery of a pacing pulse at a 
second site may be decreased, in order to provide a more aggressive anti-arrhythmia 
pacing modality. Conversely, if the frequency of occurrences of arrhythmias E n is 
less than the defined endpoint range at 926, the escape interval between a sensed or 
paced event at a first location and subsequent delivery of a pacing pulse at a second 
location may be increased, reducing the number of delivered pacing pulses. 
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•%« XTT" a parame,er adjuamcm meu,odo ' osy » - - 

rejected by the most recently measured endpoint E as com„ a r.H . 
Piously measured endpomt E n ,, allowing for a „ ~ " * 

functional blocks 930, 932 934 and 936 r „ 

922 924 926 and ^ *° b, °<** 

^4, y^6 and 928, respectively in Figure 14 In ^ 

.H. m eCa„, smi , luslraledjnF , gi , re y i4 *" , " add "'°"' 

«n Mgure 14, respons.ve to a determination that the 

~ * — - «- -se, fc devj^ a, ,3o 

prev,o Kly measured ^ a ■ *- ,he 

pe 72 PK,Ved iKC,f ^ " f — « - «- '-r of 

perfon^e r e„„, red . Fo „ owlng , ^ 

«-* - denne, e„ dpo ,„, range al 918 , ^ „ ^ <■ 
>enesoi x Tl measurement periods Ifrmt ■ 

n aram ^ r L noas.ii not, the device proceeds to adjust the 

=sdU ; periods ifMi *««-«»*. fcF «, K 

as descnbed in conjunction with Figures 13 I S in ,k , 
operating with its arrhvth In the -entthat the device has been 

8 its arrhythm, prevents pacing parameters set a, the most aggressive 
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settings for a preoedrng senes of measuremen, penods T , a „d has ^ 
m reducing ,he value of the measured eudpoiu, E. to an acceptab|e |eve , ^ 
Preceding y Tl intervals, the device determines ,ha, .he achythnia p rev en,i„„ pacing 
tnodali.y p IeS e M , y io eflec, is unlikely ,„ be SUCMSSral in „ desired ^ 

and drsables , he arrhythmia prevenbon pacng mo d a , lly in effccl „ 94fi „ r ^ j 
swucb ,„ a „em a ,,ve arrhythmia prevenrion paclng modalily Selection from ^ 
avadabie pacmg modabnes nay be ma de .ccordntg ,„ ,he descnpbons ,n Frgures I - 
. I, dracussed above. a „d ,he device exds a, , 48 to an appropria , e ^ ^ fc 
sodware asS oc, a ,ed with selection berween av aila b,e a rrhyhnn a prevenbon modes 
Fodowrng seiecion of . new arrhythmia prevenbon pa c,„g moda „,y, ,be dev,ce may 
opende as descnbed in rbe flow chad of Figure ,2, employmg a „ ewly defined desired 
endp„,„, ra „g e , newly de(ined lnilia| ^ ^ ^ ^ ^ 

newly selected arrhjdhmia prevenrion pacing mod a liry. 

One specific embodimen, „ fa device „p„ ali „ g „ described ,„ 
«* Rgures 1 2 e. »,. may be implement as follows The pacemaker ma y be 
configured ,o operate in ,he alrial overdrive p a ei„g mo d a lhy described ,„ the above- 
ctcd Hess e. a , pn,™,. l0 „,,, pacmg mode , be responds (o ^ 

abral depolanzafions by seding ,he ucx, subsequent alnal escape lnterva , eq „ a) ^ ^ 
prev,„„s A-P or P-P , nlerval , minns , programmed ( ^ ^ 

to pace a, Una escape imenral unffl either .he occurrence of a sensed alria l 
deputation or delivery of a defined number (p, aleau slep) of a|rjal 
pacng pulses a, me new escape interval. If a sensed a ,„ a , deputation occurs 
before comp,e,i„„ of the plateau step, a new, shortened atrial escape interval ,s 
calculated as described previously. plaleau slep „ ^ ^ 

mterva, ,s mcretrsed by a progmmmed racrOTalt (a<leIla) , ^ ,„ e ^ ^ m fc 
new escape in.erval notil either an at ri a | deputation is sensed or the new plateau 
step « compiled. This process continues, hounded by programmed upper and Rawer 
rates to provide atri aI overdrive pacing a, a rate which is generally only slightly ab™ 
the intrinsic atria! rate. 
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In conjunction w,,h ,hc presen, invention, ,hc device may operate a, follows 
.he overdnv. pacing mode is initially named on with n„ m i na , values of + del,a of 50 
msec, -delta of 20 msec, and plateau steps „f,0 beats. Endpoin, ranges of „„e „, more 
measured me,rics are defined by physician pmgrammmg such ,ha, one or more 
corresponding measured e„dpo,„,s <EJ must f,,| above ,he defined range ,o cause 
adjustment of ,he pacing mode paramercrs ,o more aggressrve sefiing, For example 
.he endpom. ranges of mean PACs/day <- 200 and AF erodes/day <- 2 may be ' 
defined fo .his embod,me„,, a defined mean ve„,ncular rare range of <= 85 bpm may 
a-so be defined and may be employed ,o nigger adjus,men, ,„ a ,ess aggressive se, of 
pacmg parameiers and preven, adjusunen, „r,„e pa c,„g mode parameters ,„ more 
aggressrve swings The observafion period Tl may be se, ,„ 24 horus. 

During ,he firs, 24 hours of da,a is coMeced „,,h ,he pacmg mode se, a, 
nomma, values. For example, ,h= measured endpoi„,s ffij migh, be: mean PACs/day 
= 5000 and AF/day = ,0. wi,h mean V ra ,e = 72 bpm Due ,o one or bom of ,he 
PAC/day and AF/day values exeeedmg me defined accept mnges, ,he pacing 
parameters are adjured ,o be more aggressrve For example, ,he following changes 
■o ,he algori.mn values may be: adelu = 60 msec (mercasod by ,0 msec), -deha = ,0 
msec (decreased by ,0 msec.,, and p,a,eau s.eps = 20 heals (leased by ,„ ^ 
Any one of mese changes may ^ m a|| ^ ^ ^ ^ 

amullaneously for inc^sfag aggressiveness of me pacing mode. During a newly 
,n,,,a,.d 24 hour T, period, da,a is cx,l,ec,ed wi,h mc pacing papers a, ,he new 
settmgs. The new measured endpoims migh, be: mean PACs/day = 100 AF/day - 0 
mean V rate = 75 bpm . Al. of ,hese values are wi.hu, , he defined ranges and hence ' 
>he parameter values remain as se, for this period. 

Altemafively, assuming that ,he data is same as above for PACs and AF bo. 
•he V n«e is ,0 bpm. Then ,he pacing pammeters may be made less aggressive 'for 
example by decreasing me + d.„a value, mcreasmg ,he -delta value ,„d/„r deceasing 
.he p,a,ea„ step. Tlris process may co „, inue „„„ fc ^ ^ ^ ^ 
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by the physician. Alternative^ »h.c 

delink ram.es after »hi,h ,k , ° e " dp ° inls «« 

8 ' k *~ - — overdrive pac,„ 6 ^ 

co^pir; s^r 1 . ,bfc " 
«*^p^-Jrrr^ , r7, ,,fc,,l, •■ 

^ m „de, fc device ^ „ _ ^ * * — * 

previous A-A, A-P P A or ' , ^ "** i " ,erVa ' * ">« 

follows A„ m . veiled Hill eta] patent may be as 

employed thereafter If th* ' °' etc ma y be 

reatter. If , he measured endpoint was 100 PACs/dav then ,h 
parameters of th P a c ,i r ^s/aay, then the 

ters ol the AS algonthm would not be adjusted Th^ 

S m 3 manner analogous to that described ahov. in 
atnal overdrive pacing mode. conjunct^ with the 
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An alternative or additional meuic for coding alriaI rale s|abi|izaUon 
pacmg may be a measurement of RR vaiiabilily l0 changK fa ^ ^ 
RR variability was 30% of g. mean r.r inlc „ a| „ of fc ^ 
R-R tntenia, over a certain oblation period (Tl), increases i„ ,be aggressiveness of 
.he atnal rate stabilization paeing mode could be diaabled and ,he %de,ta could be 
mcreaaed ,o a leas aggressive valne of 40% ,„ mnnmize , he mmM of aBia| 
tnto amus arrhythama. This change ,„ RR viability e„dpo,„, range may serve „ . 
safety mechanism for the ^ rale slabi]iza , 10n ^ ^ fc ^ _ ^ 

mean V rate serves ,„ proven, excessive average ventricular rates ,„ ,he airial 
overdrive pacing mode, as discussed above. 

While i, is believed ,ba, for pracuca, puna oaes, commercial implementations 
of devices employing Uie presen, mvention „ iu ganeral|y |ake ^ ^ of 
microprocessor controlled pacemakers as described above, the invencion and ils 
^c,a.ed hmcttons may also r e,d,,y be practiced by means of a pacemaker baaed on 
lull custom digital intoned circuity as widely practiced in me paeing industty, or 
the fotn, of a device fabricated of commercial,, available discrete components and 
cuius, so long aa basic tactions set fort, above arc preserved. Therefore the 
dtackiaed embodiments should be considered exemphny, rat he r ,ba„ , imiting wilh 
regard to the claims that follow. 



In conjunction with the above disclosure, we claim: 
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IN THECI.AHVIK- 



1 A cardiac pacemaker, comprising: 

means for pacing a patient's heart in a tachyarrhythmia prevention pacing 
mode using a first set of electrodes for a first extended time period; 

means for defining a metric of success of said tachyarrhythm.a prevention 
pacing mode; 

means for monitoring said metric over said first extended time 

period; 

means responsive to sa,d monitored metric, for adjusting sa>d tachyarrhythmia 
prevention pacing mode. 

2- A pacemaker according to chum I , wherein said means for adjusting said 
tachyarrhythmia prevention pacing mode comprises mea^s for pacng said patient's 
heart with a different set of electrodes. 

3. A pacemaker according to claim 1 , wherein said means for adjusting said 
tachyarrhythmia prevention pacing mode comprises means for pacing said patient's 
heart w.th a different tachyarrhythmia prevention pacing mode. 

4- A pacemaker according to claim 1 , wherein sa,d means for adjusting said 
tachyarrhythmia prevention pacing mode compnses means for adjusting a parameter 
of said tachyarrhythmia prevention pacing mode. 

5- A pacemaker according to claim 1 wherein said means for adjusting said 
tachyrhythmia prevention pacing mode comprises means for terminating operation 
of sa,d tachyarrhythmia prevention pacing mode in response to said monitored metric 
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6. A cardiac pacemaker,. according to claim 1 , wherein : 

said means for defining a metric of success comprises means for desired range 
for a metric of success of said tachyarrhythmia prevention pacing mode; and 

said responsive means comprises means responsive to said monitored metric 
falling outside said range, for adjusting parameters of said tachyarrhythmia prevention 
pacing mode to vary aggressiveness of said tachyarrhythmia prevention pacing mode. 

7. A pacemaker according to claim 6, wherein said means for adjusting 
parameters of said tachyarrhythmia prevention pacing mode to vary aggressiveness of 
said tachyarrhythmia prevention pacing mode comprises means for adjusting 
parameters of said tachyarrhythmia prevention pacing mode to increase 
aggressiveness of said tachyarrhythmia prevention pacing mode. 

8. A pacemaker according to claim 6, wherein said means for adjusting 
parameters of said tachyarrhythmia prevention pacing mode to vary aggress,veness of 
said tachyarrhythmia prevention pacing mode comprises means for adjusting 
parameters of said tachyarrhythmia prevention pacing mode to decrease 
aggressiveness of said tachyarrhythmia prevention pacing mode. 

9. A pacemaker according to claim 6 or 7 or 8, further comprising: 

means for terminating operation of said tachyarrhythmia prevention pacing 
mode in response to said monitored metric persistently falling outside said range 

1 0. A pacemaker according to claim 9, wherein : 

said means for terminating operation of said tachyarrhythmia prevention 
pacing mode in response to said monitored metric persistently falling outside said 
range comprises means for terminating operation of said tachyarrhythmia prevention 
pacing mode in response to said monitored metric persistently falling outside said 
range in while said tachyarrhythmia prevention pacing mode is at its most aggressive. 
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U. A pacemaker according to claim 9, wherein: 

said means for terminating operation of said tachyarrhythmia prevention 
pacing mode in response to said monitored metric persistently falling outside said 
range comprises means for terminating operation of said tachyarrhythmia prevention 
pacing mode in response to said monitored metric persistently falling outside said 
range in while said tachyarrhythmia prevention pacing mode is at its least aggress.ve. 

1 2. A pacemaker according to claim 1 , wherein: 

sa,d pacmg means comprises means for delivering pacing pulses to a fust site 
in sa!d patient's hear using said first electrode set; 

said monitoring means comprises means for monitoring occurrences of 
tachyarrhythmias over said first extended time period; and 

said responsive means comprises means responsive to occurrences of 
tachyarrhythmias exceeding a defined level during said extended time period, for 
subsequently pacing said patients heart using a electrode not used during said firs, 
extended time period to pace a site not initially paced for a second extended time 
period. 

13. A pacemaker according to claim 1 , wherein: 

said pacing means comprises means for pacing two sites of said patient's heart 
using said first set of electrodes; 

said monitoring means comprises means for monitoring occurrences of 
tachyarrhythmias over a firs, extended time period extending over more than one day; 
and 

said responsive means comprises means responsive to occurrences of 
tachyarrhythmias exceeding a defined level during said first extended time period, for 
ceasing to use at least one of said first set of electrodes employed during sa,d first 
extended time period and ceasing pacing of one of said paced sites paced during said 
first extended time period for a second extended time period. 
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14. A pacemaker according to claim 1 2 or claim 1 3 further comprising: 
means for monitoring occurrences of tachyarrhythmias over said second 

extended time period; 

means for recording information as to occurrences of tachyarrhythmias while 
pacing during said second extended time period; and 

means for comparing said recorded information during said first and second 
extended time periods. 

1 5. A pacemaker according to clam 1 4 further comprising: 

means responsive to said comparing means for subsequently employing 
electrodes to pace as in the one of said first and second extended time periods having 
a lower incidence of tachyarrhythmias. 

1 6. A cardiac according to claim 1 , wherein: 

said pacing means comprises means for pacing in a first tachyarrhythmia 
prevention mode during said first extended time period; 

said monitoring means comprises means for monitoring occurrences of 
tachyarrhythmias over said first extended time period; and 

said responsive means comprises means response to occurrences of 
tachyarrhythmias exceeding a defined level during said extended time period for 
ceasing pacing in said tachyarrhythmia prevention pacing mode. 

17. A pacemaker according to claim 1 6, further comprising means for pacing the 
heart in a second tachyarrhythmia prevention pacing mode after ceasing pacing using 
said first tachyarrhythmia prevention pacing mode. 

1 8. A cardiac pacemaker according to claim 1 , wherein: 
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said pacing means comprises means for pacing a patient's heart in a first 
tachyarrhythmia prevention pacing mode for said first extended time period and 
means for subsequently pacing said patients heart in a second tachyarrhythmia 
prevention pacing mode for a second extended time period; 

said monitoring means comprises means for monitoring occurrences of 
tachyarrhythmias over said first and second extended time periods; and 

said responsive means comprises means responsive to occurrences of 
tachyarrhythmias during said second extended time period being less than occurrences 
of tachyarrhythmias during first extended time period for triggering pacing using said 
second tachyarrhythmia prevention pacing mode. 

1 9. A pacemaker according to any of the above claims wherein said monitoring 
means comprises means for counting occurrences of tachyarrhythmias during said 
first extended period. 

20. A pacemaker according to any of the above claims wherein said monitoring, 
means comprises means for measuring cumulative duration of tachyarrhythmias 
during said first extended period. 

21 . A pacemaker according to any of the above claims, wherein said monitoring 
means comprises means for monitoring occurrences of tachyarrhythmias initiated 
immediately following delivery of a pacing pulse. 

22. A pacemaker according to any of the above claims, further comprising means 
for recording information as to occurrences of tachyarrhythmias during said first 
extended time period. 

23. A pacemaker according to any of the above claims, wherein said first extended 
time period extends over a period of at least one day. 
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24. A pacemaker according to any of the above claims, wherein said first extended 
time period extends over a period of at least several days. 
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